Introduction
Nowadays, the number of reservoirs in the world is growing. This is in order to meet water and energy demands [1] . Reservoirs are constructed for various purposes, such as irrigation, hydropower generation, water supply, flood control, recreation and navigation. Managing a multipurpose reservoir is complicated, due to conflicting interests among these various objectives [2] . Moreover, a river basin with more than one reservoir, in series or in parallel, requires a more advanced operational method to coordinate multiple reservoirs and multiple objectives [3] . An optimization-based approach is typically required for the optimal operation of a reservoir system, in order to obtain the optimal solutions to support the decision-making process [4] . The developments in real-time control of a reservoir system have been extensively explored in past literature, and generally focus on optimal operation [5] [6] [7] and flood control, based on pre-defined operation rules and offline approaches [8] [9] [10] . Recently, a proactive and online control strategy, the so-called Model Predictive Control (MPC) approach [11] [12] [13] , has been widely applied in water resources management to control various water systems, such as irrigation systems [14] [15] [16] and drainage systems [17, 18] . MPC is also used in the operational management of a reservoir system for flood mitigation [19] [20] [21] [22] [23] .
MPC has been applied in the industrial process control since the 1970s [24] . It is a model-based control method which consists of an internal model and the optimization of control objectives.
Materials and Methods

Study Area
The Sittaung River is one of the four major rivers in Myanmar. This river flows from north to south through the south central plain of Myanmar and enters into the Andaman Sea. The study area covers the city of Taungoo and its upstream catchment, incorporating 31 sub-catchments and 11 reservoirs ( Figure 1 ). The total catchment area is about 19,244 km 2 . Given that Taungoo and its surrounding areas frequently suffer flood-induced inundation, a master plan for multipurpose utilization of the integrated water management of the Sittaung River basin has been developed. This plan has been developed since 1964 by the Myanmar government, with technical assistance from experts of the United Nations [27] . Based on this plan, a series of reservoirs has been constructed along several tributaries of the Sittaung River for the sake of flood control, irrigation and hydropower generation.
However, fluvial floods still occur every few years. For instance, an extreme fluvial flood occurred near the Taungoo City in 2013, resulting in more than 2000 km 2 of flooded agricultural land. Therefore, making optimal use of existing water infrastructures to mitigate floods is still one of the main concerns of the local authority.
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In this study, we consider 11 main reservoirs, each one corresponding to an individual sub-catchment. Their storage capacities and operational purposes, as well as the corresponding catchment areas, are given in Table 1 . According to their storage capacities, six reservoirs have a buffering storage larger than 100 Mm 3 to reduce the peak of the flow. Note that each reservoir has two outlet structures, a spillway and a conduit. The spillway is a non-operational free-flowing structure, while the conduit is a controllable structure with a vertical gate. The types and characteristics of the spillways are described in Supplementary Materials. The current reservoir operation in the Sittaung River basin is mainly based on water conservation and hydropower generation. In the dry season, the reservoirs are locally operated to meet water demand. During the wet season, the releases are controlled, based on hydropower demand and the desired storage of a water supply for irrigation in the dry season. The reservoir operators make release decisions based on the current water levels and the desired water levels, without considering the downstream flood risk at Taungoo. Therefore, in addition to the conservation of water, an optimal control system is required to reduce potential flood risk in downstream areas.
Hydrological and Morphological Data
The hydrological data used in this study, such as rainfall, potential evaporation, water levels and discharges, were collected from the Department of Meteorology and Hydrology (DMH), Myanmar. The hydrological data are limited and only available on a daily resolution. The available rainfall data do not cover the temporal and spatial variation of rainfall across the study area, especially for higher elevation areas. Therefore, the three hourly TRMM (Tropical Rainfall Measurement Mission) rainfall data (3B42) [28] were used for rainfall-runoff modelling in this study. The TRMM rainfall data were retrieved from the National Aeronautics and Space Administration (https://mirador.gsfc.nasa.gov). Advantages of TRMM data over other data sets are a better coverage in space and time, and available for near real-time. The information on catchment areas and the river system of the Sittaung River basin was derived from the Shuttle Radar Topography Mission (SRTM) 3 arc-second Digital Elevation Model (DEM), which were obtained from the United States Geological Survey (https://lta.cr.usgs.gov/get_ data). The key cross-sections (CSs) of the Sittaung River were surveyed for hydrodynamic modelling in 2015 (see Figure 1 ). The CSs of tributaries were generated by using the DEM, channel bed slopes and Google Earth images.
Methods
A simulation-optimization framework was developed by using MPC strategy for real-time control of a multi-reservoir system. This framework consists of three main parts: inflow prediction with rainfall-runoff model, real-time control with MPC and the SOBEK hydrodynamic model. The flow chart of the proposed method is shown in Figure 2. 
Modelling Rainfall-Runoff Process
Rainfall-runoff models are required to estimate outflows of catchments for the optimal operation of a reservoir system. Some well-known rainfall-runoff models include the Hydrologiska Byråns Vattenbalansavdelning model (HBV) [29] , the SACramento Soil Moisture Accounting model (SAC-SMA) [30] , the Australian Water Balance Model (AWBM) [31] and the Nedbor Afstromnings Model (NAM) [32] . In this study, we chose the SAC-SMA model due to its satisfactory performance in modelling runoff. Another reason was due to its flexibility to be integrated with real-time controllers, which we introduce in the subsequent subsection. It is a conceptual hydrological model to estimate the runoff for small to medium-scale catchments. The advantages of using the conceptual model over the physically based model are its simplicity and its ability to save computational time. The key parameters of the SAC-SMA model are a unit hydrograph and soil parameters [33] . The application of the SAC-SMA model in SOBEK was based on a distributed approach. A catchment was divided into a number of sub-catchments, and estimated runoffs of sub-catchments were linked with the main river system. The areas of sub-catchments were ranging from 100 km 2 to 300 km 2 . The SAC-SMA model parameters were manually calibrated with observed data. The Nash-Sutcliffe Efficiency (NSE) [34] Figure 2 . Simulation-optimization framework.
Rainfall-runoff models are required to estimate outflows of catchments for the optimal operation of a reservoir system. Some well-known rainfall-runoff models include the Hydrologiska Byråns Vattenbalansavdelning model (HBV) [29] , the SACramento Soil Moisture Accounting model (SAC-SMA) [30] , the Australian Water Balance Model (AWBM) [31] and the Nedbor Afstromnings Model (NAM) [32] . In this study, we chose the SAC-SMA model due to its satisfactory performance in modelling runoff. Another reason was due to its flexibility to be integrated with real-time controllers, which we introduce in the subsequent subsection. It is a conceptual hydrological model to estimate the runoff for small to medium-scale catchments. The advantages of using the conceptual model over the physically based model are its simplicity and its ability to save computational time. The key parameters of the SAC-SMA model are a unit hydrograph and soil parameters [33] . The application of the SAC-SMA model in SOBEK was based on a distributed approach. A catchment was divided into a number of sub-catchments, and estimated runoffs of sub-catchments were linked with the main river system. The areas of sub-catchments were ranging from 100 km 2 to 300 km 2 . The SAC-SMA model parameters were manually calibrated with observed data. The Nash-Sutcliffe Efficiency (NSE) [34] was used to evaluate the model performance. Details of the modelling process are described in Supplementary Materials.
Simplified Internal Model
In this study, we adopted the MPC approach for real-time control of a multi-reservoir system. MPC incorporates an internal model, an objective function and the constraints. A simplified internal model with a large grid size and large time step were used in this study to achieve computational efficiency. Our simplified model is composed of 82 river reaches and 11 reservoirs (see Figure 3) . 
In this study, we adopted the MPC approach for real-time control of a multi-reservoir system. MPC incorporates an internal model, an objective function and the constraints. A simplified internal model with a large grid size and large time step were used in this study to achieve computational efficiency. Our simplified model is composed of 82 river reaches and 11 reservoirs (see Figure 3 ). In this study, the changes of storage in reservoir i was modelled by using the following mass balance equation: In this study, the changes of storage in reservoir i was modelled by using the following mass balance equation:
where V i = storage volume of reservoir i (m 3 ), Q i,d = inflow to reservoir i (m 3 /s), Q i,s = outflow from the spillway i (m 3 /s), Q i,g = outflow from the conduit i (m 3 /s), k = time step index, and ∆t = time interval between time step k and k + 1. The losses from a reservoir (e.g., evaporation and seepage) and the precipitation over a reservoir surface area were neglected for simplification in Equation (1). In general, the flow from a spillway or a sluice gate can be a free flow or a submerged flow, according to the downstream water level conditions [35] . In the Sittaung River basin, spillways and conduits for all reservoirs were designed for free flow conditions. Following [14] , the structure flow can be calculated by using the following linearized structure equations. Free over flow from spillway i with fixed crest is determined by [14] :
As well, free flow from conduit i is calculated by [14] :
where Q = flow through structure (m 3 /s), C g = calibration coefficient, W g = width of the structure (m), µ g = contraction coefficient, h up = upstream water level (m), h cr = crest level of structure (m), and h g = gate height (m). Then, the water level at a reservoir is given by [14] :
where h R i = water level at reservoir i (m) and, A R i = surface area of reservoir i (m 2 ). The desired water level at reservoir i is denoted as h R i,re f , then the deviation between reservoir water level and set point, e R i (k + 1) can be expressed by:
As mentioned above, the water levels and the water flows of the river reaches were simulated by using the one-dimensional De Saint-Venant equations [35] , i.e., mass balance and momentum balance equations. Several methods are available to discretize these equations in time and space [25, 36, 37] . In this study, the staggered grids and implicit integration scheme given by Xu [38] was adapted to discretize the De Saint-Venant equations. This resulted the discretized solutions of water levels and flows of river reaches. Then, the deviation between water level and set point at a river reach can be determined by:
where e P = water level deviation at river reach P (m), h P = water level at river reach P (m), and h P re f = flood limit water level at river reach P (m). A linear state space model was used in this study. The conduit outflow was chosen as a controlled variable in the optimization process to avoid the model complexity because of the non-linearity in the structure equation. As one of the operational objectives is to minimize the downstream flood risk, the water levels and structure outflows were taken as the states of the system. The general state space representation of the system was given by [14] :
where the state Z(k) is composed of the water level h(k), the conduit outflow Q g (k) and the water level deviation e(k), i.e.,
is composed of the control variable, i.e.,
are the system input matrixes for state, control and disturbance respectively. The elements of these matrixes can be found in Xu [38] .
Objective Function and Constraints
In this study, an objective function is defined to minimize the deviations of the water level from the set point and the changes of release from the conduit. The constraints are the storage capacities of reservoirs, the water demand for hydropower generation and the release capacities of the conduits and spillways. A general form of an objective function used in this study is given by:
where W and R are weighted matrices which can be defined as the relative importance of sub-objectives in the optimization process. In this study, the Maximum Allowed Value Estimate (MAVE) was used to define the relative penalties to the variables (see more details in [14] ). If the objective function is quadratic, and the constraints are linear, then this type of an optimization problem can be solved by using quadratic programming. In this study, the interior-point method was used to solve the optimization problem. The details of objective function and constraints will be described in Section 3.
Modelling the Sittaung River System
Several software packages are available for the hydrodynamic modelling of a river system, such as SOBEK [23] , TUFLOW [39] , HEC-RAS [40] and MIKE 11 [41] . Among the available tools, SOBEK was selected for modelling the Sittaung River system. This was because of its ability to integrate the rainfall-runoff module, hydrodynamic module, and user-defined routines. SOBEK is a hydrodynamic software package for one dimensional (1D) and two dimensional (2D) flow simulation [42] . The Sittaung River system was modelled with the SOBEK software package, coupled with SAC-SMA rainfall runoff modules. The key parameter considered in this study was the roughness coefficient which was determined through the model calibration. In this study, SOBEK was considered as a real water system and the hydraulic parameters of a simplified internal model were calibrated by SOBEK. This model was also used to update the system states of the simplified internal model. The modelling process is described in Supplementary Materials.
Simulation Settings and Operation Scenarios
During high flow periods, the presence of the available storage capacity can be used for the flood mitigation. The developed control system was tested with three operation scenarios using the most severe flood event in 2013. The return period of this flood is 50 years. The danger water level of the control point (i.e., Taungoo in Figure 1 ) defined by DMH is 43 m. In this study, the safety level was set to 42 m to use the buffer capacities of the reservoirs for flood mitigation. The model was simulated with discrete time steps of 30 min each. The control time step was 3 h with a prediction horizon of two days. Firstly, the initial water levels of the reservoirs were set up using the observed data. Several reservoirs (i.e., Lower Paunglaung, Swa and Pathi) were already full in the initial stage. The following operation scenarios were considered in this study.
Scenario 1 (Current operation): Regulation is based on the current operating rule in the study area. The SOBEK hydrodynamic model was simulated by using the observed outflow data of the reservoirs.
Scenario 2 (Flood control): Regulation is based on the use of the available storage of reservoirs during high inflow events. Releases from reservoirs are controlled with an MPC controller, based on the safety level at a downstream control point. The reservoirs release water to create the buffering storages for incoming flow when the water level at a control point is lower than the safety level. The conduit gates are closed by the controller when a flood is occurring at the downstream areas. Soft constraints are used to avoid the non-feasibility problem in optimization processes. The deviations of the virtual state outside of the allowed range is denoted as e P * . The virtual signal, µ * , is used as a soft constraint to make the virtual state either zero or a value near the allowed range [14] .
For this operation scenario, Equation (9) can be written as follows:
subject to
= dead storage level at reservoir i (m), Q max i,g = maximum conduit outflow at conduit i (m 3 /s), Q max i,s = maximum spillway outflow at spillway i (m 3 /s), h P = water level at river reach P (m), h P SL = safety level at river reach P (m), V D i = dead storage capacity at reservoir i (m 3 ), V max i = maximum storage capacity at reservoir i (m 3 ), and N P = prediction horizon (hour).
Scenario 3 (Conservation and flood control): MPC is used to control the desired storage capacity of reservoirs for the dry season, and flood mitigation at the downstream river reaches. An objective function is set up to control the water levels of reservoirs under given constraints. The minimum releases from reservoirs are used as the hard constraints for hydropower demand and a soft constraint on safety level is used for flood mitigation at a downstream control point. For operation scenario 3, Equation (9) can be written as follows:
e P * (k + j|k) T W P * e P * (k + j|k)
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where L = number of reservoirs.
Performance Indicators
One of the control objectives is to refill the storage of reservoirs during the wet season to assure water demands are met for the dry season. Wei and Hsu [43] introduced criteria for a reservoir target storage meeting rate as follows:
where S = reservoir storage capacity meeting rate (%), S end = reservoir storage capacity at end of simulation (m 3 ), and S target = targeted reservoir storage capacity (m 3 ). Flood damages depend on the inundation depth, duration and land use of the flooded area. A higher water level endangers the local population. In this study, the system vulnerability was defined with the water depth above the danger water level.
where F = vulnerability (%), h max = maximum water level occurring at a control point (m), h dl = danger water level at a control point (m). One of the important factors for flood risk management is the flood duration as a measure of the system resilience. McMahon et al. [44] defined system resilience based on the failure duration as follows:
where R = system resilience (%), D j = flood duration of event in which the water levels reach above danger level (hour), N = number of continuous flood events.
Results
The NSE value of the daily mean water levels at the Taungoo gauge station is 0.76 and the model is able to estimate the water levels and flows of the Sittaung River system. The model output was compared for the different operation scenarios. Figure 4 shows the outflows and water levels of the selected reservoirs for the different operation scenarios. The control flows from the Sinthe reservoir are shown in Figure 4a . For scenario 1, the releases were based on the current operation rule. In scenario 2, the controller released more water to create a storage space for flood regulation at Taungoo; the conduit gate was closed when the water level reached above the safety level. In scenario 3, the reservoir released the minimum demand for water conservation and stored the water for irrigation in the dry season. The water level changes of the Sinthe reservoir are shown in Figure 4b . The Lower Paunglaung reservoir was used for multiple purposes. This reservoir was full and released water at the initial stage of the simulation. The reservoir released water for hydropower demand in scenario 1 (Figure 4c) . The current reservoir operation was based on the local condition (i.e., water demand for hydropower and desired storage for the dry season) without considering the risk of a downstream flood. For scenario 2, the conduit gate was fully opened, creating a storage space The Lower Paunglaung reservoir was used for multiple purposes. This reservoir was full and released water at the initial stage of the simulation. The reservoir released water for hydropower demand in scenario 1 (Figure 4c ). The current reservoir operation was based on the local condition (i.e., water demand for hydropower and desired storage for the dry season) without considering the risk of a downstream flood. For scenario 2, the conduit gate was fully opened, creating a storage space for high inflow and the controller closed the gate to maintain the desired water level (safety level) at the control point. In scenario 3, the controlled water level was set to 189 m to store water for the dry season and the minimum outflow was used as a hard constraint for hydropower demand. A high penalty was used for violations of the soft constraint in the flood control objective and therefore the reservoir released the minimum outflow during floods.
The Ngalaik reservoir is mainly used for irrigation and recreation during the dry season. Therefore, the main operation objective is that the reservoir water level needs to reach its full tank level at the end of wet season. It was full at the end of the simulation when the operation was based on scenario 1 and 3 ( Figure 4f ). For scenario 1, there was no outflow from the reservoir to store the water for conservation purposes in the dry season (Figure 4e ). For scenario 3, the reservoir release was controlled to keep the water level at its full tank level (i.e., 163 m). The final storage capacity was reduced to 45% when we considered the regulation based on flood priority in scenario 2.
The Swa reservoir showed a similar performance when compared to the other reservoirs (Figure 4g,h) . At the initial stage, the reservoir water level exceeded its full tank level and the uncontrolled releases occurred through the reservoir spillway. For the flood regulation in scenario 2, the controller opened or closed the conduit gate based on the desired water level at the control point. Even though maximum releases were made during the operations, the reservoir water level could not be reached under a full tank level. Due to the limitation on the outlet capacity, the conduit gate was not able to release a large quantity of water in advance to get the desired water level in the reservoir. The significant releases from two spillways are shown in Figure 5 . The spillway releases also contributed to the increase in water depth at Taungoo City by releasing 25% of peak discharge during this flood event. The Lower Paunglaung reservoir was used for multiple purposes. This reservoir was full and released water at the initial stage of the simulation. The reservoir released water for hydropower demand in scenario 1 (Figure 4c ). The current reservoir operation was based on the local condition (i.e., water demand for hydropower and desired storage for the dry season) without considering the risk of a downstream flood. For scenario 2, the conduit gate was fully opened, creating a storage space for high inflow and the controller closed the gate to maintain the desired water level (safety level) at the control point. In scenario 3, the controlled water level was set to 189 m to store water for the dry season and the minimum outflow was used as a hard constraint for hydropower demand. A high penalty was used for violations of the soft constraint in the flood control objective and therefore the reservoir released the minimum outflow during floods.
The Ngalaik reservoir is mainly used for irrigation and recreation during the dry season. Therefore, the main operation objective is that the reservoir water level needs to reach its full tank level at the end of wet season. It was full at the end of the simulation when the operation was based on scenario 1 and 3 (Figure 4f ). For scenario 1, there was no outflow from the reservoir to store the water for conservation purposes in the dry season (Figure 4e ). For scenario 3, the reservoir release was controlled to keep the water level at its full tank level (i.e., 163 m). The final storage capacity was reduced to 45% when we considered the regulation based on flood priority in scenario 2.
The Swa reservoir showed a similar performance when compared to the other reservoirs ( Figure  4g,h) . At the initial stage, the reservoir water level exceeded its full tank level and the uncontrolled releases occurred through the reservoir spillway. For the flood regulation in scenario 2, the controller opened or closed the conduit gate based on the desired water level at the control point. Even though maximum releases were made during the operations, the reservoir water level could not be reached under a full tank level. Due to the limitation on the outlet capacity, the conduit gate was not able to release a large quantity of water in advance to get the desired water level in the reservoir. The significant releases from two spillways are shown in Figure 5 . The spillway releases also contributed to the increase in water depth at Taungoo City by releasing 25% of peak discharge during this flood event.
(a) (b) In this study, a centralized control system was developed for flood control at a downstream river reach. The simulation results at Taungoo (i.e., flood control point) are shown in Figure 6 . Under the operation scenario 1, the water level exceeded 1.09 m above its danger level at Taungoo. In scenario 2, the reservoirs' releases were controlled by MPC to maintain a water level lower than the danger level at a control point. Even though, MPC worked well to control the reservoir releases, violations could not be avoided during high inflow due to the outflows from the uncontrolled catchments and the limitations of the reservoir storages and conduit gate capacities. However, under this operation the peak water level was reduced to 40 cm. The operation based on flood priority is not always optimal when reservoirs are used for multiple purposes. Therefore, we considered the optimal operation in scenario 3. Consequently, an objective function was set up with a desired storage capacity and a minimum release for each reservoir and a soft constraint on water level violation was used for the flood control at a downstream river reach. The peak water level at the control point was reduced to 30 cm under operation of scenario 3. It was obvious that the flooding was not only caused by the releases from the reservoirs, but also by the outflows from the uncontrolled catchments.
In this study, a centralized control system was developed for flood control at a downstream river reach. The simulation results at Taungoo (i.e., flood control point) are shown in Figure 6 . Under the operation scenario 1, the water level exceeded 1.09 m above its danger level at Taungoo. In scenario 2, the reservoirs' releases were controlled by MPC to maintain a water level lower than the danger level at a control point. Even though, MPC worked well to control the reservoir releases, violations could not be avoided during high inflow due to the outflows from the uncontrolled catchments and the limitations of the reservoir storages and conduit gate capacities. However, under this operation the peak water level was reduced to 40 cm. The operation based on flood priority is not always optimal when reservoirs are used for multiple purposes. Therefore, we considered the optimal operation in scenario 3. Consequently, an objective function was set up with a desired storage capacity and a minimum release for each reservoir and a soft constraint on water level violation was used for the flood control at a downstream river reach. The peak water level at the control point was reduced to 30 cm under operation of scenario 3. It was obvious that the flooding was not only caused by the releases from the reservoirs, but also by the outflows from the uncontrolled catchments.
(a) (b) Figure 6 . Simulation results at Taungoo with respect to three operation scenarios: (a) Discharge and (b) water levels.
The overall performance of the three operation scenarios is shown in Table 2 , in terms of storage volume, system vulnerability and resilience, described in Section 3.1. The highest system vulnerability (2.4%) existed under operation scenario 1, which was based on the current operation setting. In operation scenario 2, MPC was used to optimize reservoir releases to control the water level at Taungoo for flood prevention and the system vulnerability was reduced to 1.5%. The MPC controller used the buffer capacities of reservoirs to maintain the water level around the safety level. However, the potential of the flooding was unavoidable due to high inflow from the uncontrolled catchments (i.e., 45% of total catchment). Additionally, the releases from uncontrolled spillways also increased the water level at the control point. In operation scenario 3, we considered the desired storage capacities, water demand and flood prevention in the optimization problem. A risk of water shortage in scenario 2 operation was recovered (from 67% to 87%) under operation scenario 3. However, flood risk was increased under this operation compared to scenario 2. The simulation result indicates that system vulnerability could be reduced from 2.4% to 1.5% by creating the storage spaces under the MPC operation. Among 11 reservoirs in the system, Upper Paunglaung, Lower Paunglaung, Swa and Kabaung are important reservoirs for the flood control operation as these reservoirs have significant storage and outlet capacities. Table 2 . Overall performance of the three operation scenarios.
Indicators
Operation Scenarios The overall performance of the three operation scenarios is shown in Table 2 , in terms of storage volume, system vulnerability and resilience, described in Section 3.1. The highest system vulnerability (2.4%) existed under operation scenario 1, which was based on the current operation setting. In operation scenario 2, MPC was used to optimize reservoir releases to control the water level at Taungoo for flood prevention and the system vulnerability was reduced to 1.5%. The MPC controller used the buffer capacities of reservoirs to maintain the water level around the safety level. However, the potential of the flooding was unavoidable due to high inflow from the uncontrolled catchments (i.e., 45% of total catchment). Additionally, the releases from uncontrolled spillways also increased the water level at the control point. In operation scenario 3, we considered the desired storage capacities, water demand and flood prevention in the optimization problem. A risk of water shortage in scenario 2 operation was recovered (from 67% to 87%) under operation scenario 3. However, flood risk was increased under this operation compared to scenario 2. The simulation result indicates that system vulnerability could be reduced from 2.4% to 1.5% by creating the storage spaces under the MPC operation. Among 11 reservoirs in the system, Upper Paunglaung, Lower Paunglaung, Swa and Kabaung are important reservoirs for the flood control operation as these reservoirs have significant storage and outlet capacities. 
Discussion
This study focused on the implementation of MPC in a large-scale water system and on flood risk mitigation in the Sittaung River basin, Myanmar. The optimization formulation in MPC was based on a deterministic disturbance to examine the flood mitigation capacities of the existing reservoirs for a severe flood event. The satellite rainfall data were used to estimate the outflows from the sub-catchments. Regarding the rainfall-runoff model, the buffer capacities of existing reservoirs are overestimated if inflow into the system is underestimated. On the other hand, the buffer capacities of existing reservoirs are underestimated if inflow into the system is overestimated. For this reason, it is required to communicate uncertainty associated with inflow prediction. This issue could be overcome by using MPC with the ensemble forecast [45, 46] . In addition, we assumed that SOBEK represented an actual water system and the water levels of a simplified model were updated with the water levels from SOBEK. Therefore, the effect of measurement noises should also be considered in a real-world operation.
In the MPC formulation, it is important to use a proper prediction horizon (N p ). The computational time increases when using a longer prediction horizon. Although N p increases, it does not guarantee a better model performance, because it is also dependent on capacities of the system [47] . On the other hand, especially for a water system with delays, N p should not be smaller than the delay time. Otherwise, several control inputs might not affect any of the system outputs. At present, only a three-day weather forecast with a chance of rain is available for the cities in the study area at the DMH website (https://www.moezala.gov.mm). In addition, the travel time of outflow from the furthest reservoir (i.e., Sinthe reservoir) is around 41 h for the mean flow. Based on these facts, the length of the prediction horizon was chosen as two days which could capture the dynamics of the Sittaung River system. If the reservoirs have full storage capacities before a flood occurs, most of the reservoirs require more than 90 days to completely empty their water storages. In fact, the constraints on the conduit capacities play an important role in reducing the flood risk in the Sittaung River basin.
In this study, we applied a weighted approach and a constrained approach to operate a multi-reservoir system. In operation scenario 2, we considered two control objectives, minimization of water level deviations from set point and changes in reservoir releases. The weights were defined by using MAVE and the optimized solution depended on given weights. In operation scenario 3, we optimized the storage capacities of the reservoirs and the constraints were used to satisfy two other control objectives, i.e., flood control and hydropower generation. Improving the decision-making process, a pareto optimal approach is preferred for trade-off between two or more conflicting objectives (i.e., desired storage capacity, hydropower generation and flood prevention). Recently, the Multi-Objective Evolutionary Algorithm (MOEA) is widely applied for the multi-objective optimization of water systems [48] [49] [50] . However, it is still required to explore the application of MOEA in an MPC scheme because of its computational efficiency. Therefore, it would be interesting to adapt this method to analyze the trade-off between conflicting objectives in a real-time reservoir operation under MPC strategy.
As mentioned above, one of the limitations of this study is that the rainfall-runoff model is case specific. To apply the proposed approach to other study areas, the real-time control approach needs to be coupled with new rainfall-runoff models. However, the control approach is generic. Besides, the methodology is not suitable for problems with predictions longer than one week. In fact, the computational complexity increased in a cubic order of the problem size and the accuracy of predictions also decreases as the prediction time becomes longer. But this issue is acceptable at this time of the research, as most real-time control problems currently adopt two days as the length of the prediction.
Conclusions
This paper demonstrates the performance of MPC on the flood control of a complex river system which is composed of multipurpose reservoirs and uncontrolled sub-catchments. A centralized control system was developed and tested with three operation scenarios. A comparison between MPC operation and the current operation was presented, resulting in a reduction of the system vulnerability by 0.9% under the operation scenario 2 compared to the operation scenario 1. However, the total storage volume was reduced from 87% to 67% and water shortage would occur in the dry season. Thus, a third scenario was developed in which water levels of the reservoirs (i.e., desired storage volume) were set up as the main control objective to maintain the desired storage volume. This considered minimum demands as hard constraints and safety water level at a flood control point as a soft constraint. For scenario 3, the results indicate an improvement in the operation of multiple objectives compared to the other two scenarios. In this study, the minimum releases were used as the hard constraints for hydropower production. Therefore, it is suggested that the maximization of energy production needs to be addressed in future studies to make a trade-off between multiple objectives. In facts, it is impossible to completely eliminate the flood risk at Taungoo City due to limitations on the capacities of the structures. However, the results indicate that the potential flood risk can be reduced by improving the current reservoir operating rule. 
